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The concept of high entropy ceramics opens up the possibility to optimise the properties of relaxor ferroelectrics with Aurivilius phase structures. In this paper, two new multi-element substituted Aurivillius phase ceramics, (Ca0.25Sr0.25Ba0.25Pb0.25)Bi2Nb2O9 and (Ca0.2Sr0.2Ba0.2Pb0.2Nd0.1Na0.1)Bi2Nb2O9 are prepared. Both ceramics are single phase, exhibiting orthorhombic symmetry with space group A21am at room temperature. The frequency dependence of the temperature of the dielectric permittivity peak, Tm, shows relaxor behaviour for both ceramics. Multi-domain configurations, including long range ordered ferroelectric domains and nano domains, were observed using piezoresponse force microscopy (PFM).  Under an applied DC field, the nano domains irreversibly transformed to micro-meter sized domains, which is consistent with the Vogel-Fulcher Law fitted results that show that the freezing temperatures of the two ceramics are above room temperature.  Their improved piezoelectric constant is attributed to their low coercive fields, which are related to the multi domain configurations in the Aurivillius phase relaxor ferroelectrics.








High entropy alloys have received great attention due to their excellent mechanical and unexpected physical properties. As with high entropy alloys, high entropy oxides (HEOs) consist of at least five principal elements in equal or near equal proportions [1–4]. The high configurational entropy of these constituent elements stabilizes them into a single crystalline phase, with unique microstructures and adjustable properties. To date, the most frequently researched HEOs, with rock-salt [5–7] or fluorite structure [8], have shown interesting and unexpected properties, such as extraordinarily high Li+ conductivity at room temperature [9], very narrow and tailored band gaps [10] and colossal dielectric constants [11]. Research was recently extended to ABO3 type perovskites oxides [12,13], to prove the possibility of producing a single phase. Later, Witte et al [14] and Pu et al [15] successfully prepared single phase HEO perovskites and reported interesting magnetic and dielectric behaviour in these materials. Perovskite-structured ferroelectrics are an important family of ferroelectrics, which are mainly used as sensors, actuators, transducers and non-volatile memories [15–17]. 
Relaxor ferroelectrics [18–21] have been extensively studied due to their interesting physical properties, such as high dielectric permittivity, high piezoelectric coefficient and giant field induced strain for applications in dielectric capacitors, piezoelectric sensors and actuators, respectively. Previous studies on relaxors ferroelectrics have focused on lead-based perovsiktes such as lead magnesium niobate (PMN) and lead lanthanum zirconate titanate (PLZT), with less attention paid to Aurivillius phase materials, which feature excellent stability against repetitive switching (fatigue endurance) and useful piezoelectric properties at high temperature [17,22]. The general formula of Aurivillius phase material is (Bi2O2)(Am-1BmO3m+1), where A is a mono, di, or trivalent ion or a mixture of them, B is a transition element or combination of cations and m is the number of octahedral layers lying in the range of 1 to 6 [23,24]. The crystal structure of Aurivillius phase materials can be regarded as the alternative stacking of perovskite blocks and [Bi2O2]2+ layers. Among the m=2 Aurivillius phase materials, Ba-based layered perovskites, such as BaBi2Nb2O9 (BBN), show canonical relaxor behaviour [25,26]. However, its low Tm value (100 ℃), high dielectric loss and zero piezoelectric coefficient at room temperature restricts its high temperature application in dielectric and piezoelectric devices. The most frequently used way to tailor the properties of Aurivillius phase materials is chemical doping. Up to now, various elements, such as Ca, Sr, Pb, etc, have been used to substitute the A site Ba ion [27,28]. However, these attempts have only involved less than three elements on the A site. High entropy ceramics (HEC) [4,5] consist of five or more equimolar principal elements, which promotes the formation of single phase material because of their high configurational entropy. This concept can be used to design new ferroelectric materials with Aurivillius phase structure.
In this study, two new materials, (Ca0.25Sr0.25Ba0.25Pb0.25)Bi2Nb2O9 (BBN-4) and (Ca0.2Sr0.2Ba0.2Pb0.2Nd0.1Na0.1)Bi2Nb2O9 (BBN-6), were designed based on the HEC concept based on two layered BaBi2Nb2O9, aiming to explore the possibility to develop Aurivillius phase relaxor ferroelectrics with increased Tm and optimised domain/polar structures for application. The HEC concept provides a new direction to discover new materials with unique microstructures and unexpected properties and adjust the functionality of existing ferroelectric materials. 

2. Materials and methods
Two Aurivillius phase based ferroelectrics (Ca0.25Sr0.25Ba0.25Pb0.25)Bi2Nb2O9 and (Ca0.2Sr0.2Ba0.2Pb0.2Nd0.1Na0.1)Bi2Nb2O9, which are abbreviated as BBN-4 and BBN-6, were prepared by conventional solid-state reaction method. Stoichiometric quantities of CaCO3 (99.9% purity), SrCO3 (99.9%), BaCO3 (99.8%), PbO (99.9%), Nd2O3 (99.9%), Na2CO3 (99.5%), Bi2O3 (99.9%) and Nb2O5 (99.5%) were mixed by ball milling in ethanol for 4h, after which the slurry was dried at 80 ℃ overnight to remove the ethanol. Pure single phase powder was obtained by calcining the mixture successively at 800℃ for 2h and 950 ℃ for 2 h. After that, the milling and drying process was repeated to obtain particles with smaller and uniform size distribution. The powder was pressed into pallets with diameter of 13 mm and then the green compacts were sintered at 1130℃ for 2h in a sealed crucible. 
The density of the ceramics was measured based on the Archimedes method. The crystal structures of the samples were examined by X-ray powder diffraction (PANalytical X’Pert Pro diffractometer) utilizing Cu Kα radiation (λ=1.5418 Å). Structure refinement was carried out using GSAS [29]. The microstructure and elemental distribution of the samples were observed using scanning electron microscope (SEM, FEI, Inspect F, Hillsboro, OR) equipped with energy dispersive X-ray spectroscopy (EDX). The domain structure of the ceramics was observed using a Bruker Dimension Icon atomic force microscope in piezoresponse force mode at room temperature. Surface element analysis was carried out using an X-ray photoelectron spectrometer (Nexsa, XPS system). 
To characterize the electrical properties of the ceramics, Pt and Ag electrodes were coated on both sides of the ground ceramics for high temperature and low temperature measurements, respectively. The Pt electrodes were fired at 800 ℃ for 15 min, while the Ag electrodes were fired at 300 ℃ for 30 min. An LCR meter (Agilent Technologies Ltd, 4284A, Kobe, Hyogo, Japan) connected to a furnace was used to measure the temperature dependence of the dielectric permittivity and loss at different frequencies. A ferroelectric hysteresis measurement tester (NPL, UK) [30] was used to measure the dielectric displacement-electrical field (D-E), current-electrical field (I-E) and strain-electrical field (S-E) hysteresis loops. A quasi-static d33 meter (CAS, ZJ-3B) was used to measure the piezoelectric coefficient, d33, of poled samples. The poling process was carried out in silicone oil, which was preheated to 180 C. The samples were heated for 10 mins, in order to achieve a homogeneous temperature, in the oil before applying a DC field. The samples were poled at an electric field of 13 kV mm-1 for 20 mins and then immediately removed after cutting off the DC power. Their d33 values were measured 24 h after the poling process. An Impedance analyser (Agilent, 4294A, Hyogo, Japan) was used to measure the frequency dependence of dielectric permittivity and loss of the ceramics. 

3. Results and discussion




Table 1 Crystal and refinement parameters for BBN-4 and BBN-6. Estimated standard deviations are given in parentheses
	BBN-4	BBN-6
Crystal system	Orthorhombic	Orthorhombic
Space group	A 21 a m	A 21 a m
Unit cell dimensions	a = 5.5005(3) Åb = 5.4892(3) Åc = 25.297(1) Å	a = 5.5099(3) Åb = 5.4967(4) Åc = 25.374(1) Å
Volume	763.81(8) Å3	768.5(1) Å3
Density (calculated)	7.529 gm cm-3	7.424 gm cm-3
R-factorsa	RWP = 0.0351RP = 0.0232χ2 = 6.560RF2 = 0.1010Rex =0.0137	RWP = 0.0429RP = 0.0257χ2 = 9.825RF2 = 0.1348Rex =0.0138
No. of variables	28	32
No of profile points used	3649	3649
No of reflections	680	680
a For definition of R-factors see reference [29]


Fig. 1. Rietveld fits of X-Ray powder diffraction patterns of (a) BBN-4, (b) BBN-6 ceramics. The observed pattern is represented by open circles and the fitting data is represented by continuous line. The Bragg peak positions are shown with vertical bars.
The SEM images and EDX mapping of different elements in the samples are shown in Fig. S1 and Fig. S2. As can be seen from the SEM images, the grains of both samples are plate-like, which is consistent with the anisotropic nature of the crystal structure. The samples have uniform microstructure, with no evidence of different morphologies corresponding to different phases. The EDX results reveal a homogeneous distribution of the different elements, further supporting the XRD results that the samples are single phase materials.  
Fig. 2 shows plots of dielectric permittivity () and loss (tan δ) versus temperature at different frequencies. For both compositions, broad and frequency dependent dielectric permittivity peaks (Tm), which are centred at 446℃ for BBN-4 and at 405℃ for BBN-6 at 1 MHz, are observed. The diffusive dielectric maxima, Tm, shift to higher temperatures with increasing frequency, which suggests that the ceramics show relaxor behaviour. Moreover, the dielectric peaks of the BBN-6 ceramic are broader than that of the BBN-4 ceramic, suggesting increased disorder in the BBN-6 sample. This is in good agreement with the discussion above on the unit cell volumes. The relaxor behaviour in both samples might be driven by local disordering of the A site cations as well as disorder between the Bi3+ and A site cations [32]. In a normal displacement type ferroelectric, there is a relationship between Tc or Tm and ferroelectric distortions, with higher distortion being related to higher Tc or Tm [24,36–39]. However, BBN-4 has a higher Tm value compared with BBN-6 but lower lattice distortion, which suggests that Tm in HEC Aurvillius phase ceramics is not a simple transition that is related to lattice distortion. Moreover, in the tan δ - T curves, it can be seen that the temperatures corresponding to the dielectric loss minimum at high frequencies are above Tm. This is different from normal ferroelectrics, in which the position of minimum loss is linked to the Curie point [40], which suggest that there is another polar structure above Tm. It is assumed that there are two different types of polar structures, including long range ordered domain structures and local ordered nano domains, within the ceramics. The polarization in ferroelectric domains is thermally stable above Tm. Careful observation of the tan δ - T curves, there are visible frequency dependent broad maximum and minimum loss peaks below 350 C, which are possibility linked with oxygen vacancies  [41]. Moreover, different to other Aurivillius phase type relaxor ferroelectrics, such as BaBi2Nb2O9 and (K0.5La0.5)Bi2Nb2O9 [25,32,42], the dielectric losses of these high entropy relaxor ferroelectrics are low, with values of 0.019 for BBN-4 and 0.028 for BBN-6 at room temperature and 1 MHz. In a dielectric, the relaxation time of the polarization of a dipole is related to the reciprocal of its relaxation frequency. There are different polarization mechanisms that contribute to the dielectric permittivity and loss in a dielectric. The different polarization mechanisms have different relaxation times. Depending on the measurement frequency of the applied AC field, the polarizations having longer relaxation time can only be active and contribute to the dielectric permittivity at lower measurement frequencies. The polarizations having short relaxation time can be active and contribute to the dielectric permittivity up to higher measurement frequencies. When the measurement frequency is close to the relaxation frequency of a polarization in dielectrics, the material shows high loss  [40,43,44]. The low loss of the developed ceramics can be attributed to the short relaxation time of polarizations in the nano domains or their good thermal stability, which indicates that the change of the polarizations in the nano domains can follow the measurement frequencies which are lower than the relaxation frequencies  [43] of the polarizations in the nano domains below 200 °C. The loss peak that appears just a few degrees below Tm is related to domain wall contributions [45,46].

Fig. 2. Temperature dependence of dielectric permittivity () and loss (tan δ) at different frequencies. (a) BBN-4, (b) BBN-6.

The freezing temperatures of the relaxor ceramics were obtained by fitting the dielectric permittivity data to the Vogel-Fulcher (VF) Law [47]; the details of which are presented in the Supplementary Information and Fig. S3. The fitted Tf values for BBN-4 and BBN-6 are 426 ℃ and 383 ℃, respectively. At temperatures between Tf and the Burns temperature (TB), the relaxors are in an ergodic state, where the directions of the polar nano regions (PNRs) are randomly distributed and thermally unstable, leading to zero piezoelectric properties after DC electrical field poling. While at temperatures below Tf, the PNRs are frozen into a nonergodic state and can be irreversibly transformed into a ferroelectric state using an external electric field [19]. The high Tf values of BBN-4 and BBN-6 ceramics are a good improvement compared with pure BaBi2Nb2O9 relaxor, the Tf of which is 98 K [25], making it possible for BBN-4 and BBN-6 to be used in piezoelectric devices at high temperature. 
Piezoresponse force microscopy (PFM) was used to investigate the domain structure of BBN-4 (Fig. 3) and BBN-6 (Fig. 4) ceramics. The bright areas on the phase images depict polarization directed towards the bottom electrode, while the dark areas correspond to domains with opposite direction [48]. Fig. 3 illustrates the PFM images of a BBN-4 sample. The contrast of the phase image reveals domains with different polarization directions. The coexistence of micro sized domain (marked in white circle in Fig.3c) and nano domains (dispersed black dots, marked in green circle) in unpoled BBN-4 ceramic is evident in the phase image in Fig. 3c. The width of the micro domains ranges from 0.1 μm to 0.8 μm, while the nano domains present irregular sizes down to the sub-100 nm scale. The observation of the multi domain configuration in BBN-4 is consistent with the high temperature dielectric results. After poling with a 12 V DC bias for 20 minutes, the nano domains merged into micro sized domains, which is shown in Fig. S4b and S4c. 


Fig. 3. Out-of-plane PFM images of BBN-4 ceramic pellets obtained from a 4 × 4 μm2 area, (a) topography; (b) amplitude and (c) phase. Micro sized domains are indicated in white circle and nano domains are indicated in green circle. The AC voltage applied to the tip was 8 V.

PFM images of the BNT-6 ceramic in poled and unpoled states are shown in Fig. 4. Similar to BBN-4, dispersed nano domains, indicating local chemical inhomogeneity of relaxor ferroelectric, are observed (Fig. 4c and d). When the sample was electrically poled by applying an in-situ 12 V DC tip-bias for 20 min in a localized area of 2× 2 μm2 (circled in red in Fig. 4f), significant changes occurred in the amplitude and phase images (Fig. 4f and g). After electrical DC poling, the nano domains merged into one micro sized domain, supported by the cross-section phase variation shown in Fig. 4h. This result indicates that the nano domains are thermally stable and can be irreversibly transformed into micro domains by an electric field. 

Fig. 4. Out-of-plane PFM images of (a-d) unpoled and (e-h) poled BBN-6 ceramic pellets obtained from a 4 × 4 μm2 area, showing (a, e) topographical; (b, f) amplitude and (c, g) phase images; cross-section phase profiles taken along the direction marked with red dashed line in (c) and (g) are shown in (d) and (h). 
Fig. 5 shows the dielectric displacement-electric field-current curves of both compositions measured at 100℃ at 10Hz. The two current peaks in the I-E loop, which are related to domain switching, are observed. D-E and I-E loops demonstrate domain switching have rarely been reported in two layered Aurivillius phase materials as these materials normally have very high coercive fields. The decrease in coercive field of these two materials is attributed to their special domain configurations. As mentioned above, there are two kinds of polar structures, micro domains and nano domains, in BBN-4 and BBN-6 ceramics and the existence of nano domains is beneficial for the decreasing of coercive filed. The polarization reversal is a multi-step process, including growth of existing domains, domain wall motion and nucleation and growth of anti-parallel domains [49]. The dispersed nano domains not only increase the domain wall density but can also act as localized nucleation sites, thus relatively low electric fields are needed to reverse their polarization [20,50,51]. The switching of domain walls (non-180 °) was further confirmed by butterfly-like shape strain-electric field curves (S-E) [36,52-54], which are shown in Fig. S5. The asymmetry in the S-E loop is possibly caused by oxygen vacancies [55,56], which is supported by the XPS data (Fig. S6). Meanwhile, the lower concentration of the oxygen vacancies in BBN-6 ceramic, which is indicated by the lower intensity of the oxygen vacancy related peak in the XPS spectrum shown in Figure S6, is in good agreement with its the larger unit cell volume. The d33 values of the ceramics after poling under an electric field of 13 kV mm-1 at 180℃ was 10.2 pC N-1 for BBN-4 and 12.7 pC N-1 for BBN-6. This further supports the fitting data that the Tf values of BBN-4 and BBN-6 are above room temperature. Furthermore, comparing randomly orientated pure CaBi2Nb2O9 [22] and SrBi2Nb2O9 [57] ceramics, which have d33 values of 7.5 pC N-1 and 6.7 pC N-1, the d33 values of BBN-4 and BB-6 have been greatly increased. The enhanced piezoelectric property is also attributed to the multi domain configuration in both materials [20]. 


Fig. 5. D-E/I-E loops for (a) BBN-4, (b) BBN-6 ceramics measured at 100℃.

Fig. 6 shows the dielectric permittivity and loss of BBN-4 and BBN-6 ceramics before and after poling in the frequency range of 1 kHz to 10 MHz. The poling process not only merged the nano domains into micro domains but also induced irreversible domain switching, causing a decrease in DW density in the poled samples. As both of the ceramics have A21am space group, both 180 ° DW and 90 ° DW (non-180 ° DW) are permissible in the materials.  While 180 ° DW decrease the dielectric permittivity due to the clamping effect, non-180 ° DW increase permittivity [50]. The decrease in permittivity in BNT-4 and BNT-6 after DC poling suggests that the contribution of non-180 ° DW to permittivity is dominant in the unpoled ceramics [59-61]. The peaks in ther and tan  plots of the poled BBN-4 and BBN-6 ceramics are attributed to the piezoelectric effect [62]. The impedance and phase angle as a function of frequency is shown in Fig. S7, using BBN-4 as an example, to prove the piezoelectric effect. 

Fig. 6. Dielectric permittivity and loss before and after poling for (a) BBN-4 and (b) BBN-6 ceramics. 

Fig. 7 shows the effect of thermal depoling on the piezoelectric d33. The d33 values were measured at room temperature after the samples were annealed at high temperatures for 2h. The d33 values are relatively stable until 300 ℃, after which the values start to drop dramatically around 380 °C which is the depolarization temperature that corresponds to the steepest decrease of d33. In multi-domain structured ferroelectrics, nano domains and micro domains become thermally active at high temperature and either of them can cause decrease in d33. The depolarization temperature is very close to freezing temperature of BBN-6 (Tf = 383 °C), which suggests that nano domains in BBN-6 are thermally unstable and become randomly orientated near 380 °C. However, the depolarization temperature is lower than freezing temperature of BBN-4 (Tf = 426 °C), which suggests that micro domains in BBN-4 are thermally unstable near 380 °C. These results demonstrate the piezoelectric properties of BBN-4 and BBN-6 ceramics have good thermal stability.  

Fig. 7. Effect of annealing temperature on piezoelectric properties. (a) d33 values vs. annealing temperature; (b) Normalized d33 vs. annealing temperature. The dash lines indicate Tf value of BBN-4 (black) and BBN-6 (red) samples. 

4. Conclusions
Two new single phase Aurivillius phase ceramics, (Ca0.25Sr0.25Ba0.25Pb0.25)Bi2Nb2O9 (BBN-4) and (Ca0.2Sr0.2Ba0.2Pb0.2Nd0.1Na0.1)Bi2Nb2O9 (BBN-6), which were designed using the HEC concept, were prepared by conventional solid state reaction method. Both ceramics show relaxor ferroelectric behaviour, which is demonstrated by a shift of Tm with frequency and nano domains observed using PFM.  Differently from normal relaxor ferroelectrics, the prepared ceramics additionally exhibit long range ordered domains. The special domain configuration, involving the coexistence of long range ordered domains and nano domains, is responsible for the low coercive fields of the ceramics; this enables the appearance of clear current peaks linked to polarization switching in the I-E loops and is related to an improved piezoelectric constant d33 compared to the two layer structured BaBi2Nb2O9, SrBi2Nb2O9 and CaBi2Nb2O9 in the Aurivillius phase family. The high entropy concept has proven useful to develop new relaxor ferroelectric materials with improved properties based on unique microstructures. 
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Fig. 1. Rietveld fits of X-Ray powder diffraction patterns of (a) BBN-4, (b) BBN-6 ceramics. The observed pattern is represented by open circles and the fitting data is represented by continuous line. The Bragg peak positions are shown with vertical bars.

Fig. 2. Temperature dependence of dielectric permittivity () and loss (tan δ) at different frequencies. (a) BBN-4, (b) BBN-6.

Fig. 3. Out-of-plane PFM images of BBN-4 ceramic pellets obtained from a 4 × 4 μm2 area, (a) topography; (b) amplitude and (c) phase. Micro sized domains are indicated in white circle and nano domains are indicated in green circle. The AC voltage applied to the tip was 8 V.

Fig. 4. Out-of-plane PFM images of (a-d) unpoled and (e-h) poled BBN-6 ceramic pellets obtained from a 4 × 4 μm2 area, showing (a, e) topographical; (b, f) amplitude and (c, g) phase images; cross-section phase profiles taken along the direction marked with red dashed line in (c) and (g) are shown in (d) and (h). 

Fig. 5. D-E/I-E loops for (a) BBN-4, (b) BBN-6 ceramics measured at 100℃.

Fig. 6. Dielectric permittivity and loss before and after poling for (a) BBN-4 and (b) BBN-6 ceramics. 

Fig. 7. Effect of thermal depoling on piezoelectric properties. The dash lines indicate Tf value of BBN-4 (black) and BBN-6 (red) samples. 



17



